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ABSTRACT
DESIGN OF A TWO-RECEIVER INTERFEROMETER
ON MOTORIZED TRACKS
MAY 2008
ERIC R. MARKLEIN
B.S.E.E., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Daniel H. Schaubert
A 94.8 GHz interferometric imaging system utilizing aperture synthesis and to-
mography is developed for the Center for Advanced Sensor and Communication An-
tennas. Whereas typical interferometer designs employ multiple antennas to synthe-
size an aperture for image reconstruction, this unique interferometer will reproduce a
scene’s brightness temperature with only two antennas. To achieve this, the aperture
synthesis is done with one antenna remaining stationary while the second antenna is
moved at discrete increments along two controlled tracks. The two signals received
by the antennas are cross-correlated to produce measured visibility function sam-
ples. The visibility samples reconstruct the scene brightness temperature through an
inverse Fourier transform relationship.
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CHAPTER 1
INTRODUCTION
Microwave remote sensing of the earth’s surface with an interferometer is a well-
known method of passively measuring various parameters including ocean salinity, soil
moisture or rainfall. An antenna pointed towards a given target covers a resolution cell
with dimensions determined by the antenna’s aperture size and distance away from the
targeted scene. However, the need for finer spatial resolution requires an increase in
the antenna’s aperture size [1]. Rather than constructing an entire aperture, aperture
synthesis is a commonly used alternative for achieving similar results. When properly
designed, synthetic apertures have the benefit of reducing the total system weight and
volume while providing the spatial resolution of the full-sized antenna aperture.
With two antennas spaced a distance d apart, received signals between the two are
cross-correlated, producing a single Fourier component of the brightness temperature,
known as a visibility function in radio astronomy. The visibility function is unique for
each value of d and is non-zero only when the antennas share a field of view [2]. By
measuring the visibility function over numerous discrete distances across the entire
aperture, the brightness temperature of the scene is obtained by application of the
inverse Fourier transform. One implementation for measuring brightness temperature
employs a thinned array format [3] [4] [5]. The thinned array design places antennas at
appropriate integer half-wavelength spacings that insure the cross-correlation signals
will have every half-wavelength spacing up to the maximum spacing distance using
the fewest samples possible. This minimum redundancy linear array contains the
fewest duplicate samples as redundant samples do not improve spatial resolution [6].
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However, when working at a high frequency of 94.8 GHz, the cost of designing
multiple receivers for a thinned array implementation is extremely costly for a proof-
of-concept. The alternative used in this thesis utilizes only two 94.8 GHz antenna re-
ceivers to provide all the cross-correlating terms to complete the scene reconstruction.
The design builds upon the two antenna correlating procedure that was discussed ear-
lier. One antenna remains stationary with the second antenna moving along a track
at appropriate discrete, half-wavelength spacings that fill the desired aperture size.
The drawback to this design is that several hours are needed to measure an entire
scene.
The current system consists of two linear drives creating the separations between
two radiometers. Measurements taken by the radiometers are introduced to an analog
correlator, producing samples of the complex visibility function. These samples are
collected by an A/D converter and stored on a local computer. The data collection and
movement of the linear drives is done through custom built software integrating the
pieces of hardware. The collected data are placed through additional post-processing
code to reproduce the final brightness temperature of a measured, stationary scene.
This thesis provides a proof-of-concept for recreating a brightness temperature
scene using two antennas on moveable tracks. The successful implementation of this
system will permit further advancements in the design to be made. The final version of
this system will incorporate numerous antenna receivers into a thinned array format,
generating multiple fan beams simultaneously. This thinned array would be fixed
on a spoke that would sweep 180◦ in steps such that the Nyquist rate is satisfied.
The generation of multiple fan beams into the system would reduce the inherent time
consumption needed in measurement taking in the current version.
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CHAPTER 2
THEORY
A simplistic imaging system with a single antenna is shown in Figure 2.1. The
antenna’s aperture from a height h covers a spatial resolution cell of the earth’s surface
of approximately L×W . Typically, the antenna is scanning off-nadir at some angle
θ. The dimensions of the resolution cell are approximated as:
L = h
λ
D
sec2 θ W = h
λ
D
sec θ (2.1)
These equations reduce to:
L = W = h
λ
D
(2.2)
at nadir where λ is the operating frequency wavelength and D is the maximum
antenna aperture dimension. It’s apparent from Equations 2.1 and 2.2 the need to
increase the aperture size to provide finer spatial resolution. Instead, using multiple
smaller antennas and aperture synthesis can provide the same resolution results [1].
Figure 2.2 shows an idealized correlating scheme with two antennas. The two
antennas share a field of view. One antenna remains fixed and represents the origin
of the defined coordinate system. The measured scene is assumed flat and both
antennas are placed a height h above the scene. The second antenna is placed at a
location (Dx, Dy, 0) away from the stationary antenna. The received RF signals from
each antenna are cross-correlated. The cross-correlated signal is the Fourier transform
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Figure 2.1. Simple imaging system with resolution cell dimensions
of the brightness temperature, known as the visibility function. The visibility function
is given by:
V (u, v) =
c
4pi
2pi∫
0
pi∫
0
TΩ(θ, φ) G(θ, φ)e
j2pi(u sin θ cos φ+v sin θ sin φ) sin θ dθ dφ (2.3)
With
V in degrees Kelvin
u = Dx
λ
v = Dy
λ
Dx, Dy are antenna spacings
λ is the free-space wavelength of the antenna’s operating frequency and c is some
constant value that is solved for by measuring a uniform scene of temperature T0. G
is the gain of the receiving antenna and TΩ is the incident brightness temperature per
steradian. For an antenna with a pencil beamwidth θB, such that:
G(θ, φ) =


16
θ2
B
: θ ≤ θB
2
0 : θ ≥ θB
2
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Figure 2.2. Two-dimensional interferometer capable of producing visibility function
samples, V (Dx, Dy) of the measured scene brightness temperature, Txy(x, y)
the visibility function in rectangular coordinates is approximated as:
V (u, v) =
c
pi
1∫
−1
√
1+y¯2∫
−
√
1−y¯2
TΩ(x¯, y¯)e
jpiθB(ux¯+vy¯) dx¯ dy¯ (2.4)
With
x¯ = x(
hθB
2
) y¯ = y(
hθB
2
)
If Equation 2.4 is sampled at integer multiples of a distance d in both directions, the
real and imaginary components of the visibility function (VI and VQ, respectively)
become:
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VI(md, nd) =
c
pi
1∫
−1
√
1+y¯2∫
−
√
1−y¯2
TΩ(x¯, y¯) cos
(
piθB
d
λ
(mx¯ + ny¯)
)
dx¯ dy¯
VQ(md, nd) =
c
pi
1∫
−1
√
1+y¯2∫
−
√
1−y¯2
TΩ(x¯, y¯) sin
(
piθB
d
λ
(mx¯ + ny¯)
)
dx¯ dy¯ (2.5)
In this form, Equation 2.5 is a truncated Fourier series that can be inverted to produce
the scene brightness temperature through the equation
T (x, y) ∼= c
pi
M∑
m=1
N∑
n=1
Vmne
−jpiθB
d
λ
(mx+ny) (2.6)
Vmn = VI(md, nd) + jVQ(md, nd) (2.7)
By moving the second antenna across the entirety of the desired aperture in discrete
intervals, enough visibility function samples are accumulated to use the inverse Fourier
transform in Equation 2.6 to reproduce the scene’s brightness.
One such block diagram implementation for producing a complex, cross-correlating
output is shown in Figure 2.3. The two received signals, S1, centered at f1 and S2,
centered at f2, each containing the same bandwidth B are combined and square-law
detected. One of the output terms is the correlation of the two signals received by
the antennas, (S1S2), centered at the difference frequency (f1−f2). A bandpass filter
preserves and eliminates unwanted terms of (S1 + S2)
2 before demodulation by an
LO signal operating at this difference frequency. Lastly, the output is integrated to
produce the sampled visibility function.
Radiometer measurements at microwave frequencies have an unavoidable noise
floor ∆V due to the finite integration time τ in the correlator. For an array with N
elements, the noise floor is given by the function [7]
∆V =
TB + TR√
Bτ
(2.8)
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Figure 2.3. Interferometer correlating block diagram for two receivers
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∆V is the noise floor the measurement in degrees Kelvin
B is the system bandwidth in Hz
TB is the ambient brightness temperature in degrees Kelvin
TR is the receiver noise temperature in degrees Kelvin
This noise floor is related to the overall image resolution ∆T of the scene bright-
ness temperature by
∆T = ∆V
D
d
√
pi
8
(2.9)
Combining Equations 2.8 and 2.9
∆T =
D
d
√
pi
8
TB + TR√
Bτ
(2.10)
D is the array size
d is the element spacing
∆T is the brightness resolution in degrees Kelvin
For imaging applications of this kind, an acceptable brightness temperature reso-
lution is ∆T = 1 K.
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CHAPTER 3
SYSTEM OVERVIEW AND RADIOMETER FRONT-END
This chapter provides a detailed look at the radiometer electronics, linear drives
and remaining support structures. Section 3.1 gives detailed information on the
high-frequency radiometers and noise source used in the design, along with issues
encountered with these components. In Section 3.2, the linear drives that are used to
create the numerous separations between the two radiometers are described. Section
3.3 discusses the custom built support structures that were made for containing the
two radiometers and the linear drives.
3.1 Radiometers and Noise Source
In this section, an overview of the 94.8 GHz radiometers and noise source is given.
These three pieces of electronics were constructed by Millitech under the supervision of
Professor Calvin Swift. Information on issues found with these microwave components
is given as well.
3.1.1 Radiometer Electronics
The block diagram for the receiver subsystems are shown in Figure 3.1. The two
system receivers are identical to each other except for physically being mirror-images
of one another. These receivers are high-frequency, weatherized radiometers. The
radiometers operate at a RF center frequency of 94.8 GHz and have noise figures
of 5.4 dB. Both radiometers produce their 91.8 GHz LO signal from a single, 100
MHz reference signal. The 100 MHz reference signal is contained in only one of the
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radiometers. The 100 MHz reference signal is sent through a 2:1 power divider, with
one output being sent to the second radiometer through a coaxial cable. The 100
MHz reference signal drives a 15.3 GHz single, phase-locked loop oscillator found in
each radiometer. The phase noise of the PLL oscillator is typically -115 dBc/Hz at
a 20 kHz offset. The output from the oscillator is first doubled in frequency, to 30.6
GHz, and then frequency multiplied by 3 to achieve the 91.8 GHz LO signal that
will produce the down-converted 3 GHz IF signal. A stage of amplification follows so
that the power level input into the LO channel of the demodulator is roughly 6 dBm
before the RF signal demodulation. The 91.8 GHz LO signal offers roughly the same
phase noise performance of the original 15.3 GHz signal from the PLL oscillator.
The remainder of the radiometer’s layout is now described as follows. A standard,
circular corrugated horn that is RHCP is used. The horn antennas have a nominal 25
degree half-power beamwidth, an axial ratio that is approximately ideal and features
excellent E- vs. H-plane pattern match, with pattern and gain plots shown in Figures
3.2, 3.3 and 3.4. Each signal received by the radiometers is sent through a W-
band waveguide into the receiver. A linear-circular polarizer follows to only allow
circularly polarized energy from the antenna into the following components. After
the polarizer, a circular to rectangular waveguide transition is included in order to
compact the overall mechanical layout. The signal is then amplified by 20 dB with
a low noise figure of approximately 6 dB. A ferrite single junction isolator stage
comes next for good impedance matching between components and alleviates any
potential oscillations. An Iris coupled bandpass cavity filter stage comes next to
provide lower sideband rejection before entering the I/Q demodulator. The filter’s
precision machining gives high repeatability with no tuning elements and a high Q.
The demodulator has single stage low-noise amplifiers integrated into the quadrature
mixer design. Phase balance is achieved to within ± 10 degrees across the operating
bandwidth. A final IF bandpass filter with steep passband characteristics below 3
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Figure 3.1. Block diagram of 94.8 GHz radiometers
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GHz provides an output bandwidth of 1.5 GHz at IF. An amplification stage occurs
before the two receiver outputs are fed into the correlator subsystem, as discussed in
the next chapter. The total power output level is in the range of -10 to 0 dBm. The
output power plots of the two radiometers before being introduced to the complex
correlator are shown in in Figures 3.5 and 3.6, respectively. These power output
levels are when each radiometer observes an ambient scene and highlight the output
bandwidth. For the present implementation of the imaging system, only the in-phase
component is needed for signal correlating, the quadrature component is connected
to a matched load.
3.1.2 Noise Source
The noise source by Millitech was constructed to be used as a test source and
common reference point for the measurements taken. An idealized noise point source
in a measured scene would be seen as a “hot-spot” in a reproduced image. For a
point noise source of the form:
TB(x¯, y¯) = T0δ(x¯− x¯0)δ(y¯ − y¯0) (3.1)
The discrete visibility function samples are:
Vmn =
T0
pi
ejmpiθB x¯0
d
λ ejnpiθB y¯0
d
λ (3.2)
Applying the previously discussed Fourier relation and applying phased array theory,
the resulting reconstructed brightness temperature is of the form
TˆB(x¯, y¯) =
T0
pi
sin
[
piθB(M +
1
2
)(x¯− x¯0) dλ
]
sin
[
pi θB
2
(x¯− x¯0) dλ
] sin
[
piθB(N +
1
2
)(y¯ − y¯0) dλ
]
sin
[
pi θB
2
(y¯ − y¯0) dλ
] (3.3)
Which resembles the form of the array factor in traditional array theory.
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Figure 3.2. Normalized elevation pattern of radiometer’s circular corrugated horn
antenna, provided by Millitech, Inc.
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Figure 3.3. Normalized azimuth pattern of radiometer’s circular corrugated horn
antenna, provided by Millitech, Inc.
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Figure 3.4. Broadside gain of radiometer’s circular corrugated horn antenna, pro-
vided by Millitech, Inc.
15
Figure 3.5. Output power plot for receiver 1
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Figure 3.6. Output power plot for receiver 2
Figure 3.7. Block diagram of 94.8 GHz noise source
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The noise source block diagram is shown in Figure 3.7. The nominal 25 dB
ENR is obtained by placing a matched load to the input of a low noise amplifier,
which is identical to the model used in the radiometer front end. A ferrite single
junction isolator stage follows for impedance matching. Bandwidth is limited with
an Iris coupled bandpass cavity filter. A linear-circular polarizer is next, allowing
only the circularly polarized energy into the transmitted output. The noise signal
is transmitted out of a RHCP, circular corrugated horn antenna. The microwave
components used in the noise source are of the same make used in the previously
described radiometers.
3.1.3 Radiometer Problems
Initial measurements were taken using a lossy, 1 meter RG402 coaxial cable con-
necting the 100 MHz reference between the two radiometers. When this cable ex-
perienced major movements, unwanted fluctuations in the visibility function sample
outputs occurred. Since this system is intended to be tested in outdoor environments
where winds could cause these kinds of cable movements, the RG402 was replaced
with a sturdier coaxial cable. Manual tests of the cable’s rigidity were found to remove
the fluctuations in the correlator output.
It was also discovered that multipath signals between the two radiometers inter-
fered with the desired correlated signal. By simply moving a hand between the two
radiometers the output visibility function samples featured large signal variation. In
addition, it was believed that one of the radiometers experienced signal leakage in the
waveguide transition between the corrugated horn and the internal RF components.
This exposed area was covered in copper tape and secured further. The multipathing
was removed by placing a 7 inch × 91
2
inch piece of 21
4
inch thick absorber around
each horn antenna’s aperture, with a hole cut out to fit the receiving horn antennas,
shown in Appendix C.
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3.2 Linear Drive System
The discrete steps taken with one of the radiometers is accomplished on two 406XR
Positioner linear drive tracks manufactured by Parker Automation. This section will
detail the arrangement of the linear drives and their additional hardware components,
along with their setup and performance capabilities for this imaging application.
3.2.1 Linear Drive Setup
The linear drives provide complete synthesized aperture capabilities for imaging
with a 2 meter × 1 meter synthetic aperture. Each linear drive features a carriage
that completes the distance movement executed by the user. The carriages move on a
10 mm thread ballscrew that is connected to a rugged servo motor. The servo motor
contains a rotary encoder with signal feedback for enhanced movement precision.
The 2 meter carriage supports the 1 meter linear drive at mid-section, with the
arrangement shown in Figure 3.8. Each linear drive is connected to its own Gemini
GV-U3E Digital Servo Drive. These digital servo drives store each drives’ performance
configuration and transmit the step-direction commands to the servo motors. The
configuration of the drives is discussed in the following section.
The linear drives each contain a set of 3 sensors that are used as end-of-limits
and homing triggers. A metal plate found on the side of each carriage will trigger
a sensor if it moves over it. The sensor contains either a sinking switch, where the
output provides an electrical path to ground, or a sourcing switch, where the output
provides an electrical path to a positive voltage. The sensors contain 4 wires, one of
which is used for the limit or home switch depending on the switch type. Depending
on the sensor’s use, the unused wire is left unwired. The sensors can be relocated to
different positions on the linear drives; however, the manufacturer’s recommendation
is to not tamper with their mechanically set positions.
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Figure 3.8. Linear Drive Configuration
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Control of the digital servo drives is done in turn through the 6K2 2-axis Con-
troller. The 6K2’s communication to the host computer is done with a RS232 cable.
The 6K2 acts as the hub for all communication done with the two servo drives. In
addition, the 6K2 recognizes the status of the limit and homing sensors found on the
linear drives.
For this thesis, measurements are taken in standard rectangular coordinate move-
ments. However, if future designs choose to incorporate measurements in polar co-
ordinates or in a spiral, as is the need for many remote sensing applications [8], the
linear drives are capable of meeting such requirements.
3.2.2 Performance of Linear Drives
The servo drives operate internally in rotary units, with 8000 counts being com-
pleted in a full 360◦ rotary motor revolution of 10 mm. Scaling is incorporated in the
software to operate in linear steps. Additionally, each linear drive carriage supports
a significant load and needs to be considered during a tuning process done with the
software provided by the manufacturer. The tuning process is done iteratively by
the user to determine proportional and velocity gain values to achieve a 1st order
response. A 1st order response gives minimal overshoot and close position tracking.
A diagram of a desired 1st order response is shown in Figure 3.9. Each drives’ load-
to-rotor inertia ratio LJRAT needs to be accounted for as well and is done by the
following equation:
LJRAT =
load intertia
motor rotor inertia
(3.4)
If the linear drives are correctly tuned and the load-to-rotor inertia ratio is correct,
a positional accuracy of 159 micrometers, λ/20 at 94.8 GHz, or better is attainable.
The current system calibration has exhibited positional accuracy no worse than λ/50
(60 micrometers) through measurement tests.
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Figure 3.9. Desired 1st order movement response of 406XR drives
It’s ideal that all the sensors be either all sinking switches or all sourcing switches
to take advantage of the just the Limits/Home connector found on the 6K2. Curiously,
the sensor sets found on the linear drives each came with a different sensor model.
The sensors on axis 1 were PNP (sinking switches) while axis 2 sensors were NPN
(sourcing switches). Instead of wiring axis 1’s sensors to the Limits/Home connector,
they were specially connected to the 6K2’s Trigger/Outputs connector. Pin outs
for both axes 1 and 2 are shown in Appendix B. Additional controller configuration
needed to be done and is given in Appendix D.
The motion of the linear drives can be controlled through a complete coding en-
vironment designed by the manufacturer. However, since the linear drive motion is
integrated with data acquisition code, the manufacturer’s programming environment
was circumvented through an automation server also provided by the manufacturer,
called the Communications Server. The 32-bit OLE server completes all communi-
cation done between the 6K controller and Gemini drives with PC applications, in
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this case the data acquisition software developed in-house. The integration of the
Communications Server with acquiring measured data is discussed in Chapter 5.
3.3 Support Structures
Each radiometer is attached to a custom built, 1
2
inch thick aluminum support
structure, each of which is shown in Figure 3.10. The stationary radiometer’s struc-
ture has to hover over drives so as to allow clearance of the traveling 1 meter track.
The moving radiometer’s structure is attached to the carriage of the 1 meter track.
Both support structures can be manually adjusted so that the two radiometer anten-
nas are as close as possible to each other before measurements are taken. The two
structures also have 6 inches or more of clearance below the radiometers to accom-
modate the power and signal output cables. Dimensions of the two strucutres can be
found in Appendix B.
The linear drive tracks are securely connected to a 96 inch × 36 inch × 1 3
4
inch
maple wood block. The maple block in turn is secured to a support structure shown
in Figure 3.11. The rectangular frame was specifically built so that the antennas are
tilted approximately ±15◦ from horizontal. This was done so that the half-beamwidth
angle of the corrugated horn antennas is parallel to the earth.
After initial movement profiles were completed with all of the hardware secured,
numerous vibrations in the entire structure were found during movements. These
vibrations were causing the stationary radiometer to shake, resulting in a questionable
origin position. Since the stationary support structure needed to hang over the 1-m
track, shaking from the motion profiles was inevitable. In addition to the mechanical
vibrations, the stationary structure would need more support to resist any intrusive
outdoor elements. Strengthening angles and various braces were put in to dampen the
effects to some degree, until finally aluminum pieces were fastened on to the structure
at the critical joints.
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Figure 3.10. Support structures for receiver in motion and stationary receiver
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Figure 3.11. Support structure for linear drives and radiometers
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CHAPTER 4
CORRELATOR SYSTEM
The details of the analog complex correlator designed for the interferometer are
given in this chapter. The function of the correlator is to produce the discrete visi-
bility function samples for the numerous antenna separations. An explanation of the
correlator’s operation verification is given as well as complete details of problems that
emerged during the complex correlator’s design and development.
4.1 Correlator Layout
This section discusses the methodology, electrical design and physical layout used
to create the complex visibility function samples. The correlator design is unique and
will be compared with prior methods done for signal correlation.
4.1.1 Complex Correlator
The complex correlator block diagram that produces the visibility function sam-
ples in the interferometer is shown in Figure 4.1. All connections between transmission
lines and the components are 50 Ω SMA coaxial. Transmission lines connecting the
components were built using semi-rigid coaxial cable. To avoid any confusion in the
following section, the stationary radiometer will be referred to as RX-1 and the mo-
bile radiometer as RX-2. The signal from RX-1 is introduced to a XMC3000-1000
bandpass filter. The filter has a center frequency of 3 GHz and a passband of ±.5
GHz. The signal is then fed through two stages of amplification. The first amplifier
is a ZX60-5916M high isolation amplifier, with 17 dB of gain at 3 GHz. The second
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amplifier provides an additional 24 dB of gain through a high-power amplifier, model
AML26P2403. The signal from RX-2 is introduced to a XMC3000-1000 bandpass
filter and a ZX60-5916M amplifier, having the same performance as the ones used for
RX-1 signal. Following the stage of amplification, the RX-2 signal is mixed with a
1.2 GHz LO signal. The J2080HB mixer has typical conversion loss of 6.5 dB to the
signal. The upconverted 4.2 GHz output is the desired component and is preserved
with a XMC4200-1000 bandpass filter, centered at 4.2 GHz with a ±.5 GHz passband.
A stage of amplification follows, using a ZX60-6013E broadband amplifier with 13 dB
of gain.
At this point, both RX-1 and RX-2 signals are introduced to a wideband mixer
J2080LB. The direct signal multiplication in the wideband mixer correlates the RX-1
and RX-2 signals. Conversion loss in the mixer is 6.5 dB. The 3 GHz RX-1 signal
acts as the driving LO signal and the 4.2 GHz RX-2 signal represents the RF signal.
The desired downconverted, correlated IF signal is centered at 1.2 GHz, while the
remaining harmonic terms need to be rejected. A stage of amplification and filtering
at the IF frequency follow the correlating stage. A ZX60-6013E amplifier provides 16
dB of gain across the IF output. The unwanted harmonic terms are suppressed by a
XMC1200-1000 bandpass filter. This bandpass filter has a ±.5 GHz passband at the
1.2 GHz center frequency. The correlation of the two signals requires a final stage
of demodulation to extract the complex terms of the visibility sample. A QD0717X
quadrature demodulator extracts the in-phase and quadrature components of the cor-
related signal. The demodulator divides the 1.2 GHz correlated signal and multiplies
the signals by 1.2 GHz LO signals that are 0◦ and 90◦ out of phase, respectively. The
demodulated in-phase and quadrature outputs are each baseband signals up to 500
MHz.
The 1.2 GHz local oscillator signal is derived from a ZX95-1600W voltage con-
trolled oscillator. The power output of the oscillator at 1.2 GHz is 9 dBm or better.
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Figure 4.1. Complex correlator block diagram
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A ZX60-4016E amplifier increases the power output to almost 18 dBm, in order to
drive the J2080HB mixer’s power specification. After the signal amplification the LO
is introduced to a 1.2 GHz bandpass filter to remove higher frequency LO harmonics
that were amplified in the process. The LO signal is introduced to a power divider;
model ZN2PD2-50. The power divider has 3.7 dB of insertion loss across both chan-
nels. One signal is sent to the J2080HB mixer to upconvert the RX-2 signal to 4.2
GHz. The second signal is fed to a SPDT pin diode switch that switches between
2 output ports by a 300 Hz clock. The ZMSW-1211 by Mini Circuits has 1.3 dB of
insertion loss during the ON state and 30 dB of isolation during the OFF state for
both channels. Depending on the switches state, the LO signal is directed to one of
two paths that are 180◦ out of phase with each other. The signal is output to another
SPDT switch alternating at the same 300 Hz clock rate. The output of this switching
circuit is a 1.2 GHz LO whose phase shifts by 180◦ at a rate of 300 Hz. The purpose
of the LO phase-shifting is to remove any DC bias introduced in the quadrature de-
modulator and will be explained in greater detail in the following paragraphs. This
modulated 1.2 GHz LO is introduced to the quadrature demodulator’s LO port. The
microwave component layout inside the correlator is shown in Figure 4.2.
After the signal demodulation, the in-phase and quadrature components enter a
circuit board containing the circuitry to demodulate the 300 Hz prior to the analog to
digital conversion. The printed circuit board is constructed on an 3.1 inch × 5.8 inch,
GML 1000 copper clad, high frequency laminate. Traces are only featured on a single
side, using 1 ounce copper. The top side layout of the printed circuit board, featuring
all electronic parts, is shown in Figure 4.3. The bottom side of the printed circuit
board contains all copper traces and is shown in Figure 4.4. Unmarked components
are wire connections to traces. Resistor and capacitor values are in Table 4.1. The
circuit board inputs are the in-phase and quadrature components, +5V, - 5 V and +2
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Figure 4.2. Microwave component layout of complex correlator
V DC, two clock lines and analog ground. A block diagram for the following signal
processes is shown in Figure 4.5 and schematic for it is shown in Figure 4.6.
Each in-phase and quadrature signal is input into a SPDT switch. Switching
occurs at 300 Hz and depending on the TTL logic state, will switch between 1 and
-1. Both unity and inverted gains are produced with a single LMH6609 operational
amplifier. The output from this switch demodulates the 300 Hz modulated in-phase
and quadrature components, but modulates by 300 Hz any DC bias offsets introduced
by the quadrature demodulator.
A passive low pass filter follows the switching stage and accomplishes the signal
integration of the complex correlated signals and removes any 300 Hz modulated DC
bias from the previous stage. The low pass filter has an integration time τ determined
by the system noise floor. The the integration time is set by the RC time constant
τ = RC (4.1)
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Figure 4.3. Demodulator circuit board top side layout
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Figure 4.4. Demodulator circuit board bottom side layout
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Figure 4.5. Demodulator circuit board block diagram for a single complex correlated
component
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Figure 4.6. Demodulated circuit board schematic
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Table 4.1. Demodulator circuit board resistor and capacitor values
Resistors Ω Capacitors µF
R1 = 220 C1 = 10
R2 = 220 C2 = 10
R3 = 220
R4 = 220
R5 = 220
R6 = 220
R7 = 100 k
R8 = 100 k
R9 = 1 k
R10 = 1 k
R11 = 10 k
R12 = 10 k
R13 = 2 k
R14 = 2 k
R15 = 10 k
R16 = 10 k
With
R = 100 kΩ
C = 10 µF
A stage of amplification follows to amplify the in-phase and quadrature signals to
within a -1 V to +1 V range. The gain of this stage is
G = −R2
R1
= −10 = 10dB (4.2)
With
R1 = 1 kΩ
R2 = 10 kΩ
If a DC bias exists at the outputs, they can be removed through a offset voltage
input into the positive amplifier node. Traces for biasing circuit are shown in Figure
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4.4. After this amplifier stage the signal can be read by the A/D converter or ampli-
fied further with a second stage of amplification. The second amplifier stage amplifies
the in-phase and quadrature signals to within a -5 V to +5 V range. The gain of the
stage is
G = −R2
R1
= −5 = 7dB (4.3)
With
R1 = 2 kΩ
R2 = 10 kΩ
The output levels at this stage can be introduced to the to the analog to digital con-
verter, which is discussed in the next chapter. It should be noted that each LMH6609
depicted Figure 4.3 is two 8-pin LMH6609 chips, SOIC packaged, connected to a 16-
pin SOIC to DIP adapter. The 8-pin ADG918 is MSOP packaged and connected to
a 8-pin MSOP to DIP adapter. Further details of the parts used in the correlator in-
cluding diagrams and specifications are given in Appendix B. The component layout
of the correlator is found in Appendix B as well.
4.1.2 Signal Correlation
The unique aspect of this complex correlator is how the use of a mixer to correlate
the two received signals. Previous complex correlator designs created have used a
power combiner and Schotkky diode to produce the signal correlation. A simplified
implementation is shown in Figure 4.7. The correlated signal is derived from the
square-law properties of the Schotkky diode. The correlation of the two signals is
centered at the difference frequency of the two input signals. The following quadrature
demodulator produces the complex components at baseband, with the final stage of
integration before being sampled by an A/D converter.
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The initial approach for the complex correlator was to implement this method
using prepackaged power combiner and Schotkky diode. However, all prepackaged
Schotkky diodes considered for the design featured a capacitance at the output that
removed the desired correlated signal at 1.2 GHz. Rather than custom order a suitable
Schotkky diode, wideband mixers were readily available and were instead used for
producing the correlation of the two signals.
4.2 Correlator Testing
Testing of the correlator was done to verify the system’s performance under a set
of test cases. All test measurements were done at the passive RC low pass outputs,
as amplifier gains were not set at that time. Correction of the signal gain differences
was done in software. The first test done was a phase test to verify the correlator’s
ability to measure the input phase changes. A 3 GHz narrowband signal was placed
through a 2:1 power divider with each correlator input channel receiving the signal.
A variable phase shifter was placed at the input of the Receiver 2 channel. The path
length for Receiver 2’s signal was extended for 10 unique points and measured, the
results for this test are shown in Figure 4.8. The phase shifter introduces magnitude
loss in the Receiver 2 channel, resulting in a spiraling of the in-phase and quadrature
output voltage levels. The any gain differences not corrected for in the software also
contributed in creating an elliptical rather than circular shape in the I and Q plot.
The second test done on the complex correlator was to measure the linearity of the
system between the correlator’s input and output channels. The same setup used in
the phase test was used, however the phase shifter used in the Receiver 2 channel was
removed. Varying power levels from -30 to -20 dBm were introduced through the two
channels. The results for the real and imaginary components of the visibility samples
are shown in Figure 4.9. The output data remains linear until around -24 dBm (0.004
mW), where the output power begins to level off. This should be expected as the
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amplified 3 GHz LO signal is inputting a power large enough that the mixer loses its
linearity output characteristics.
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Figure 4.7. Basic complex correlator using a power combiner and diode detector
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Figure 4.8. In-phase and quadrature circle of correlator for varying phase lengths
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CHAPTER 5
DATA ACQUISITION AND IMAGE RECONSTRUCTION
This chapter details the acquisition of the visibility sample data through A/D
conversion. Acquiring visibility sample data required software integration of the linear
drive and data acquisition hardware. A custom runtime application was programmed
to enact the step-measurement procedure on the host computer. Post-processing code
was created for reconstructing the brightness image of stationary scenes as discussed
in Chapter 2. Image focusing was also incorporated to account for measurements
taken within the antenna array’s near-field region.
5.1 Data Acquisition
Acquisition of the DC visibility function samples is done using a Dataq DI-148U-
SP A/D converter. The DI-148U-SP features 10-bit sampling resolution and an ad-
justable sampling rate that is controlled through the host computer. Throughput
ranges can be as large as 14,400 Hz and can be as small as sub-hertz. The inte-
gration time of low pass filter stage τ determines the minimum sample rate of the
A/D converter. For the low pass filter’s 1 second integration time, a minimum 2
samples/sec or better is required. The A/D receives the correlated inputs through
separate screw-terminals. The A/D converter has four sampling input channels and
6 digital I/O screw terminals. Two input channels are string pot channels that are
left unused. The two remaining channels 3 and 4 receive the in-phase and quadrature
components, respectively. Channel-to-channel crosstalk rejection is -60 dB and the
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Figure 5.1. Input diagram of DI-148U-SP A/D converter
maximum voltage input into each channel is ± 10 V. The signal input diagram of the
DI-148U-SP before entering the A/D converter is shown in Figure 5.1.
The A/D converter samples each signal and stores the data in a sample buffer.
The maximum amount of sampled data that can be stored in the buffer is 2 kilobytes.
Command lines programmed by the user set the sample rate and buffer read condi-
tions. When the data stored in the sample buffer has accumulated the user-defined
amount, the buffer data is sent to the local computer where it is written to a data
file.
The A/D converter is packaged in a 2.6 inch × 2.6 inch × 1.1 inch casing that
is itself placed in the correlator enclosure described in Chapter 6. The I and Q
outputs from the complex correlator are wired to the screw terminal inputs. The A/D
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converter contributes a DC bias to the measured visibility samples, approximately 0.4
V. This bias is removed as best as possible in the calibration section described in the
following section. Power is supplied to the DI-148U-SP from the local computer
through its USB interface. The sampled visibility function is transmitted to the local
computer through this USB interface also.
5.2 Measurement Software
The Parker 6K2, mentioned in Chapter 3, and the Dataq A/D converter both
offer their own individual software programs for conducting their respective tasks.
The integration of both products’ capabilities was done by creating a Visual Basic
application to command both pieces of hardware together. The 6K2’s Communication
Server executes tasks to the linear drives commanded in this Visual Basic application.
The third-party shareware software recommended by Dataq, UltimaSerial ActiveX,
is used for controlling the A/D converter commands executed in the application. The
code created to control both pieces of hardware can be found in Appendix E.
The software application requires the user to calibrate the linear drives before
starting any a measurement process. The linear drives travel to both of their positive
and negative end-of-travel limits, whereby the program determines the midpoint and
origin positions for all measurement processes. The origin position is located at the
2 meter drive’s midpoint and the 1 meter drive’s positive end-of-travel limit. The
linear drives relocate to this origin position. During calibration, 50 Ω matched loads
should be placed on each correlator input channel so that the DC bias produced by
the A/D converter can be sampled and averaged out of the measurements during
post-processing. Upon completion of the linear drive calibration, measurement of the
visibility function can begin.
The movement procedure for a 2-D measurement scan is illustrated for a 5 × 5, 25
element measurement process is shown in Figure 5.2. When starting a measurement
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process, the two antennas should be placed directly next to each other. The first
movement shifts the mobile radiometer to the negative Y end of the scanning area and
stops for a measurement. The antenna dwells long enough to satisfy the integration
time τ for collecting the appropriate amount of samples. The radiometer moves a
half-wavelength step down, stops and collects data. This step is repeated until the
radiometer hits the maximum Dx antenna separation. When the radiometer has
reached the maximum Dx separation designated by the user, the antenna shifts a
half-wavelength over and returns to the top of the linear drive. Having the carriage
return to the positiveend-of-travel limit is done to minimize error accumulation in
the X-axis. When the antenna has completed this movement it stops to take a
measurement. The antenna then steps down a half-wavelength and stops to collect
data. The antenna repeats those two basic motion profiles until it has reached the
positive end of the scanning area and the maximum Dx antenna separation. A final
data sample is collected, at which point the antenna returns to its initial position.
Before the antenna moves on to a new measurement position, the following data
is added to the final data output file: (1) the commanded movement position, (2)
any movement error incurred in both directions, (3) the averaged complex visibility
sample at that position, (4) and the standard deviation in the complex visibility
sample. The output data sequence for a single measurement location is given below:
y,x,yerror,xerror,Vi(x,y),Vq(x,y),ViDev(x,y),VqDev(x,y)
The final output file also contains the linear drive calibration data.
Handshaking between the different software platforms was attempted, but is not
operational yet in the current implementation. The purpose of the the handshaking
is to resolve a timing issue with the 6K2 Communication Server. When a command is
sent to the 6K2, the program does not wait for the 6K2’s response, instead it executes
the remaining lines of code. A generic delay subroutine was written to prevent the
program from executing lines of code before a 6K2 command had been completed.
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Figure 5.2. Sample radiometer movement path for a 5 × 5, 25 element measurement
scan
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For movement commands, the delay time before moving on to the next program line
is determined by the equation
tdelay = 2
D
V
+ 8
V
A
(5.1)
With
D is the programmed distance
V is the programmed velocity rate
A is the programmed acceleration rate
This equation is based on modified equations given in the 6K2 manual for calculating
time required for a movement profile. Those equations account for acceleration, aver-
age acceleration and jerk rates. The modification of the manual’s equations was due
to the fact that the equations given did not provide enough delay for tested movement
profiles to complete and therefore had to be extended. For slower moevement rates,
this time delay is longer than necessary, however for faster movement rates this time
delay is required.
5.3 Reconstruction Formulation
The data file containing the measured data for each discrete position is uploaded
into a Matlab code for image reconstruction. The Matlab code implements the re-
construction formulation theory given in Chapter 2, applying the Fourier transform
for image reproduction.
The code takes into account focusing of the data when measurements are done in
the near-field. When working with a large synthesized array, the large aperture and
small wavelength result in a large near-field. A 1 meter synthesized array aperture
will be in the near field up to 625 meters away. Near-field measurements have an
additional quadratic phase component that must be corrected in the reconstruction
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formulation. The discrete visibility function sample is multiplied by the weighting
function:
W (h, u, v) = ejpi
λ
h
(u2+v2) (5.2)
With
u = Dx
λ
v = Dy
λ
Substituting this modified visibility function into Equation 2.6 given in Chapter 2
results in the modified brightness temperature equation:
T (x, y) ∼= c
pi
M∑
m=1
N∑
n=1
Vmne
−jpiθB
d
λ
(mx+ny)ejpi
d2
λh
(m2+n2) (5.3)
The user must select the correct focusing distance h to produce the resolved image.
Though the distance and visibility measurement errors are not used in recreating
the image, they are provided in the data file as supplemental information should
the user have need for them. In the case that a reconstructed image is poor, the
user might find that there was a great deal of signal or position variation during
the measurement process. There are optional lines of code included to remove any
additional DC offsets in the data that might still persist.
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CHAPTER 6
GENERAL ELECTRONICS AND PACKAGING
The power supply for the two radiometers and noise source was constructed by
Millitech. The block diagram for this power supply is shown in Figure 6.1. The DC
voltages for the supply are all derived from 120 VAC at 60 Hz. A fan is attached
to the back of the system and operates from the 120 VAC signal. The power supply
features a main power switch and three secondary switches that are found within the
system. DC voltages of +12, -12, +15 and individual grounds are produced from
three separate AC/DC power supplies. The 120 VAC input is connected to a dual-
fuse, IEC inlet filter which features a DPDT switch for turning on the power supplies.
The +12, -12 and +15 VDC power supplies each contain the appropriate fuse before
being introduced to the main terminal strip. The 6 signal lines are connected to 3
Cannon 7-pin circular connector lines. Each line provides power to either radiometers
or the noise source. The pin outputs for the voltage supplies are identified in Appendix
A.
The 6K2 controller requires a 24 VDC, +/-10%, 1 Amp supply for proper op-
eration. A 24 VDC SOLA power supply is used to provide power for the 6K2 and
sensor circuits. The power supply is powered by a 120 VAC signal and has auto-
select capabilities if the supply source is either 120/230 VAC. The supply provides
a maximum 2.4 A of current to the devices and has drive shutdown capabilities if
overdriven. The power supply also features a tunable knob that can be adjusted to
provide a voltage output between the ranges of 24 to 28 VDC. The positive terminal
of the power supply is connected to the 24 VDC terminal on the 6K2 and the negative
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Figure 6.1. Millitech power supply
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terminal is connected to the 24 VDC Return terminal on the 6K2. Power supply and
additional terminal wiring connections on the 6K2 controller are found in Appendix
B. To provide power to the individual limit sensors a 1.78 inch × 1.78 inch printed
circuit board was fabricated in house for the six sensor cables. The layout of the
printed circuit board is shown in Appendix B. The trigger lines for the sensors on
Axis 2 were connected to a VM25 screw-terminal I/O component. The VM25 has
25-pin connectors and a 2 foot cable to connect to the LIMITS/HOME connector on
the 6K2. A diagram of the VM25 and pin out connection is available in Appendix B.
The Gemini Digital Servo Drives support both 120 and 240 VAC power supplies.
The Gemini drives are connected to 3-terminal AC input cables operating at 120
VAC. The drives feature no internal fuses, so 30 A fuses for both 120 VAC input
lines are connected to the input prior to the Gemini’s power terminals. The Gemini
drives feature short circuit protection, high inrush current protection, over- and under-
voltage protection and drive and motor over-temperature protection. Any of these
cases will cut power to the Gemini drives and a LED on the drive will be activated
red. The power supply wiring for the Gemini drives is found in Appendix B.
A diagram of the power supply built for the complex correlator electronics is shown
in Figure 6.2. A single, 120 VAC input is used to produce output voltages of +5,
-5, +2, +12 and +15 VDC, along with an adjustable voltage to control the voltage
controlled oscillator in the correlator. The power supply also contains the 300 Hz
signal circuitry used in the correlated signal demodulation. A circuit schematic for
producing the 300 Hz signal is shown in Figure 6.3. The 120 VAC signal is attached
to a line filter and DPST switch. The earth ground line is connected to the inside
of the chassis. The input AC signal is connected to an AC fan in parallel before
producing the various signals.
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Figure 6.2. Complex correlator power supply
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Figure 6.3. 300 Hz clock circuit for correlator demodulation
The radiometer and noise source power supply is housed in 17 inch × 13 inch rack-
mounted enclosure. The component layout of the power supply is shown in Figure
6.4. The Cannon connectors, DPDT switch and AC fan are placed on the back panel
of the enclosure. Each DC power supply is placed in the front end of the encasement
with terminal strips for the various power inputs and outputs found in the back end.
A layout drawing of the complex correlator’s packaging is shown in Figures 6.5.
The entire correlator system including power supplies is contained in a 17 × 19.5
inch rack-mounted enclosure. The packaging is divided into two sections. The front
end contains the analog correlator and A/D converter. The front panel has SMA
connectors that are attached internally to the two correlator channel inputs. The
RG402 cables carrying the measured noise signals from the radiometer are introduced
at this interface. The output from the A/D converter is sent out of the back end
through a USB cable and connected to the local computer. The enclosure back end
contains all DC supplies and 300 Hz source for the front end electronics. All ground
lines are connected to the inside chassis.
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Figure 6.4. Top view enclosure layout of Millitech radiometer and noise source
power supply
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Figure 6.5. Top view enclosure layout of complex correlator and accompanying
power supply
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CHAPTER 7
RESULTS
Measurements were done to test the performance capabilities of the interferometer
system. Narrowband measurements at 3 GHz were attempted under various condi-
tions, the results of which will be discussed. The measurements at 3 GHz were taken
using two microstrip patch antennas designed in-house that are resonant at 3 GHz.
Dimensions for the patch antennas are shown in Figure 7.1. They were constructed
on 31 mil Rogers 5880 Duroid, the patch and trace on 1 oz. copper and fed with
a SMA end-launch connector. One patch antenna was connected to the stationary
support structure and the other to the mobile support structure. The mobile patch
antenna moved in discrete half-wavelength separations in the x- and y-plane across
a synthesized 2 × 1 meter aperture. The entire measurement process time for this
aperture size is over 2 hours. All measurements discussed were taken at the output
of the passive RC low-pass filters, prior to any amplification. Output voltage levels
at this stage were typically between ± 0.1 V.
An S-band pyramidal horn transmitted a 10 dBm 3 GHz narrowband signal pro-
duced by an Agilent E4437B signal generator and fed via a 1 meter RG402 cable.
The horn was placed approximately 1.5 meters away from the patch antennas and
placed so that the main beam was directed as close as possible at the x-axis. At
this distance away, the radiating S-band horns are in the synthetic aperture’s near
field, so the additional focusing phase term discussed in Chapter 5 must be used in
the image reproduction. The transmit horn was angled at 15 degrees so that the
horn’s maximum gain was directed toward the patch antennas. The horn was placed
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Figure 7.1. Dimensions of microstrip patch antenna used in 3 GHz narrowband
correlation tests
approximately 0.2 meters below the top of the synthesized aperture. For this mea-
surement, the synthetic aperture was 0.5 × 0.5 meters, resulting in a resolution of 0.3
meters. The mobile antenna was moved in discrete half-wavelength steps to fill the
aperture. Under this measurement process, the S-band horns acts as a ”hot-spot”
in the image, as it is the only object radiating a large 3 GHz signal. The real and
imaginary components of the visibility functions samples are shown in Figure 7.2 and
the reproduced image is shown in Figure 7.3. The reproduced image is normalized
and recognizes the strong 3 GHz signal being transmitted from the S-band horn, at
approximately the correct location relative to the synthesized aperture.
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Figure 7.2. Visibility function samples (VI top, VQ bottom) from 0.5 × 0.5 meter
synthetic aperture measurement with S-band horn
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Figure 7.3. Image reconstruction of S-band horn at 3 GHz from 0.5 × 0.5 meter
syntehtic aperture measurement
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To test the full 2 × 1 meter synthesized aperture, two S-band pyramidal horns
transmitted 3 GHz narrowband signals towards the aperture. A 10 dBm signal was
evenly split through a 1:2 power divider and introduced to the antennas through 1
meter RG402 cables. The antennas were separated by approximately 1.2 meters in
the horizontal and 0.5 meters in the vertical direction relative to the aperture plane.
Antenna’s 1 and 2 were located at approximate Dx and Dy positions (0.2, -0.6) and
(0.7, 0.6) meters relative to the aperture dimensions. Both antennas were angled 15
degrees to directly face the synthetic aperture and placed a distance approximately
1.5 away from the aperture, which is in the synthetic aperture near field. The mo-
bile antenna moved in half-wavelength intervals across the aperture, a total of 861
measurement points. The normalized real and imaginary visibility function samples
for each unique Dx, Dy measurement location are shown in Figure 7.4. Reproduction
of the measured scene is shown in Figure 7.5. The image reconstruction picks out
the two 3 GHz radiating spots produced by the horn antennas at their respective
locations. The reproduced data picked up signal strength difference between the two
transmitting antennas. The power output from Antenna 1 output was roughly 2 dB
less than Antenna 2.
Measurements were taken with different power-output levels from each of the
transmitting horns. A 6 dB attenuation pad was placed on the input to Antenna 1
while the other maintained the original power output level. The measurement was
repeated with Antenna 2 attenuated 6 dB and Antenna 1 transmitting the original
power level. The visibility function samples and reproduced results are shown in Fig-
ures 7.6 and 7.7. The visibility function samples and reproduced results are shown
in Figures 7.8 and 7.9. The hot spot locations are both observed and the attenu-
ated signal appears with less intensity in each of the two measurement cases. The
calculated attenuation on Antenna 1 in Figure 7.9 compared to the measured data
shown in Figure 7.5 is 6.37 dB. The signal difference between Antenna’s 1 and 2 when
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Figure 7.4. Visibility function samples (VI top, VQ bottom) of 2 × 1 meter synthetic
aperture measurement with two offset S-band horns
Antenna 1 was attenuated is 8.22 dB and 4.2 dB when Antenna 2 was attenuated,
due to the 2 dB signal difference between the two transmitting antennas mentioned
earlier. The calculated attenuation on Antenna 2 in Figure 7.8 with respect to the
measured data in Figure 7.5 is 6.47 dB.
61
−1
0
1
0
0.5
1
0
0.5
1
Dy (m)
D
x
 (m)
N
or
m
al
iz
ed
 T
B
Dy (m)
D x
 
(m
)
−1 0 1
0
0.5
1
0.2
0.4
0.6
0.8
1
Figure 7.5. Image reconstruction of two offset S-band horns at 3 GHz from 2 × 1
meter syntehtic aperture measurement
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Figure 7.6. Visibility function samples (VI top, VQ bottom) of 2 × 1 meter synthetic
aperture measurement with two offset S-band horns, Antenna 1 attenuated by 6 dB
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Figure 7.7. Visibility function samples (VI top, VQ bottom) of 2 × 1 meter synthetic
aperture measurement with two offset S-band horns, Antenna 2 attenuated by 6 dB
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Figure 7.8. Image reconstruction of two offset S-band horns at 3 GHz from 2 × 1
meter syntehtic aperture measurement, Antenna 1 attenuated by 6 dB
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Figure 7.9. Image reconstruction of two offset S-band horns at 3 GHz from 2 × 1
meter syntehtic aperture measurement, Antenna 2 attenuated by 6 dB
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The ambient scene was also measured using the two 3 GHz patch antenna configu-
ration. This measurement should essentially determine the noise floor of the correlator
system. The measured visibility function sample data for this case is shown in Figure
7.10. The output voltage variation for the in-phase and quadrature components are
3.1 and 4.5 millivolts at 0 VDC, respectively. Compared to the signal levels observed
with the horn sources, these voltage levels correspond to 1.6% and 2.3% error in the
in-phase and quadrature channels.
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Figure 7.10. Visibility function (VI top, VQ bottom) of ambient scene measured by
3 GHz 2 × 1 meter synthetic aperture
When the 94.8 GHz radiometers and noise source were placed into the system
for wideband testing, measured results were poor in comparison to the narrowband
measurements. Voltage level outputs from the complex correlator were on the order
of +/- 1 mV. Factoring in the large A/D converter DC bias to this resulted in mea-
surements that could not be supported with confidence. The spectral correlated data
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output from the 500 MHz low pass filters appears good, but the 300 Hz demodulating
board appears unable to handle the wide baseband output.
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CHAPTER 8
CONCLUSION AND RECOMMENDATIONS
Through narrowband 3 GHz IF testing the constructed correlator has been shown
to successfully reproduce a radiating scene. The synthetic aperture created by two
microstrip patch antennas demonstrated the potential of obtaining accurate image
reconstruction of a measured scene’s brightness temperature for high-frequency mea-
surements. The method of measuring a stationary scene by movements executed by
two linear drive tracks and collecting data from a complex correlator through an A/D
converter was validated. Though the mixer implementation used for producing the
correlation of the two received narrowband signals was successful, improvements to
the system are still needed in order for wideband measurements at 94.8 GHz to be
taken.
One improvement to the system would be the implementation of the square law
method discussed in Section 4.1, whereby a power combiner and diode detector are
instituted in place of the mixer and extra amplifier for the LO channel. So long as
the power level of the combination of the two signals into the diode detector was
within the square-law region, this method is preferred between the two as it wastes
less power. Another method that has been used to produce these correlated signals is
the direct multiplication of the two signals. A block diagram of this implementation
is shown in Figure 8.1. Rather than upconvert one of the received signals, correlate
the signals and finally demodulate down to a baseband signal, mixing to a baseband
signal is done directly. Each signal is divided through a power splitter. One of the
split signals is phase shifted 90 degrees. The I multiplier receives the signals from
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receivers 1 and 2 that have not been phase shifted. The Q multiplier receives a signal
from receiver 1 and a 90 degree phase shifted signal from receiver 2. The outputs
from the I and Q channels are the baseband, in-phase and quadrature components of
the complex correlated visibility function sample. Integration and DC bias removal
stages, such as the 300 Hz modulation method used in this design, would follow
the correlation stage. To implement this method requires wideband mixers that are
currently unavailable. If such a product emerges, this is the recommended method
for pursuing signal correlation because the other methods are wasteful with power.
It is also strongly recommended that alternate structures be created to support
the linear drives and radiometers. The support structure presented in this thesis that
held the linear drives is susceptible to vibrations and shaking that could be caused by
movements executed by the linear drives or weather conditions. While strengthening
was done to reduce these movements, the fundamental design of the support structure
still results in unstable performance at times. It is also recommended that the support
structure holding the stationary radiometer be replaced with a more stable structure.
The hooked shape of the design could be removed altogether if a larger ground plane,
in this case the maple butcher block, were extended upwards. This would allow for
a structure much like the one used to hold the radiometer on the linear drives to be
used instead.
The measurement system could also benefit from added electronic hardware with
the intent of producing higher quality measurements. A null feedback design has
been implemented in previous remote sensing instruments and is beneficial to the
overall system performance. The null feedback circuit is used for the zeroth spacing
signal correlation data, with the intent to remove receiver noise from the data. It
is also recommended that a sophisticated temperature control system be included in
the design in order to keep all electronic components at a constant temperature.
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Figure 8.1. Analog complex correlator using direct multiplication
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APPENDIX A
RADIOMETER AND NOISE SOURCE DATA SHEETS
Figure A.1. Radiometer module RX-1 block diagram, provided by Millitech
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Figure A.2. Radiometer module RX-1 test data sheet, provided by Millitech
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Figure A.3. Radiometer module RX-1 phase accuracy at 93.6 GHz, provided by
Millitech
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Figure A.4. Radiometer module RX-1 phase accuracy at 92.6 GHz, provided by
Millitech
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Figure A.5. Radiometer module RX-1 phase accuracy at 93.1 GHz, provided by
Millitech
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Figure A.6. Radiometer module RX-1 phase accuracy at 94.1 GHz, provided by
Millitech
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Figure A.7. Radiometer module RX-1 phase accuracy at 94.6 GHz, provided by
Millitech
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Figure A.8. Millitech radiometer module RX-2 block diagram, provided by Millitech
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Figure A.9. Radiometer module RX-2 test data sheet, provided by Millitech
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Figure A.10. Radiometer module RX-2 phase accuracy at 93.6 GHz, provided by
Millitech
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Figure A.11. Radiometer module RX-2 phase accuracy at 92.6 GHz, provided by
Millitech
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Figure A.12. Radiometer module RX-2 phase accuracy at 93.1 GHz, provided by
Millitech
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Figure A.13. Millitech noise source module block diagram, provided by Millitech
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Figure A.14. Noise source test data sheet, provided by Millitech
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Figure A.15. Noise source phase accuracy at 94.1 GHz, provided by Millitech
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Figure A.16. Noise source phase accuracy at 94.7 GHz, provided by Millitech
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Figure A.17. Noise source gain, provided by Millitech
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APPENDIX B
CORRELATOR COMPONENT SPECIFICATIONS AND
LAYOUTS
88
Figure B.1. QD0717XB quadrature demodulator diagram and specifications
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Figure B.2. VLFX-500 low pass filter diagram and specifications
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Figure B.3. ZMSW-1211 SPDT switch diagram and specifications
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Figure B.4. ZMSW-1211 SPDT switch performance data
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Figure B.5. ZN2PD2-50 power divider diagram and specifications
93
Figure B.6. J2080HB and J2080LB double balanced mixer specifications
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Figure B.7. ZX60-3018G amplifier diagram and specifications
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Figure B.8. ZX60-3018G amplifier performance data
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Figure B.9. ZX60-4016E amplifier diagram and specifications
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Figure B.10. ZX60-4016E amplifier performance data
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Figure B.11. ZX60-5916M amplifier diagram and specifications
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Figure B.12. ZX60-5916M amplifier performance data
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Figure B.13. ZX60-6013E amplifier diagram and specifications
101
Figure B.14. ZX60-6013E amplifier performance data
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Figure B.15. ZX95-1600W voltage controlled oscillator diagram and specifications
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Figure B.16. ZX95-1600W voltage controlled oscillator performance datas
104
Figure B.17. Return loss and instertion loss of 1.2 GHz bandpass filter
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Figure B.18. Return loss and instertion loss of 3.0 GHz bandpass filter
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Figure B.19. Return loss and instertion loss of 4.2 GHz bandpass filter
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Figure B.20. LMH6609 wideband amplifier features and general description
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Figure B.21. LMH6609 wideband amplifier electrical characteristics
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Figure B.22. LMH6609 wideband amplifier electrical characteristics, continued
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Figure B.23. LMH6609 wideband amplifier pin configuration
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Figure B.24. LMH6609 wideband amplifier performance characteristics
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Figure B.25. LMH6609 wideband amplifier performance characteristics
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Figure B.26. LMH6609 wideband amplifier performance characteristics, continued
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Figure B.27. LMH6609 wideband amplifier performance characteristics, continued
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Figure B.28. LMH6609 wideband amplifier performance characteristics, continued
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Figure B.29. ADG918 wideband switch features and general description
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Figure B.30. ADG918 wideband switch specifications
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Figure B.31. ADG918 wideband switch absolute maximum ratings
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Figure B.32. ADG918 wideband switch pin configuration
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Figure B.33. ADG918 wideband switch performance characteristics
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Figure B.34. ADG918 wideband switch performance characteristics, continued
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Figure B.35. ADG918 wideband switch performance characteristics, continued
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Figure B.36. Millitech power supply pinouts
Pin Assignment
A +15 VDC
B Not Used
C +12 VDC GND
D +12 VDC GND
E -12 VDC
F +12 VDC
G +15 VDC GND
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Figure B.37. 6K2 Auxiliary connections
Pin Assignment
SHIELD Connected to chassis earth ground
GND Isolated logic ground
ENABLE Connected to 6K2 GND
OUT DIODE Internally connected to 24 VDC PWR
MASTER TRIG Not connected
GND Isolated logic ground
CNTRL-P Not connected
LIM-P Connected to 24 VDC PWR
TRIG-P Connected to 6K2 GND
VINref Internally connected to 24 VDC PWR
24 VDC RTN Connected to - terminal of SOLA Supply
+24 VDC PWR Connected to + terminal of SOLA Supply
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Figure B.38. Limits/Home and Triggers/Outputs pin outs
LIMITS/HOME Connector
Pin Assignment
13 Home limit, axis 2
15 Negative end-of-travel limit, axis 2
17 Positive end-of-travel limit, axis 2
TRIGGERS/OUTPUTS Connector
Pin Assignment
9 Home limit, axis 1
11 Negative end-of-travel limit, axis 1
13 Positive end-of-travel limit, axis 1
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Figure B.39. VM25 pin outs
Pin Assignment
13 Home limit, axis 2
15 Negative end-of-travel limit, axis 2
17 Positive end-of-travel limit, axis 2
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Figure B.40. Sensor switch printed circuit board schematic
Trace Assignment
A +24 VDC
B DC Return
C Negative end-of-travel limit, axis 2
D Home limit, axis 2
E Positive end-of-travel limit, axis 2
F Negative end-of-travel limit, axis 1
G Home limit, axis 1
H Positive end-of-travel limit, axis 1
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Figure B.41. Dimensions of stationary radiometer support structure
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Figure B.42. Dimensions of mobile radiometer support structure
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APPENDIX C
SYSTEM PICTURES
Figure C.1. Linear drive and antenna measurement hardware
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Figure C.2. Radiometer support structures
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Figure C.3. 94.8 GHz Millitech radiometers
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Figure C.4. 94.8 GHz Millitech radiometers on measurement structures with ab-
sorber
134
Figure C.5. 94.8 GHz Millitech noise source
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Figure C.6. Complex correlator and power supply packaging
136
Figure C.7. Top view of complex correlator
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APPENDIX D
GEMINI DIGITAL SERVO DRIVE AND 6K2 SETUP
CODE
D.1 Gemini Digital Servo Drives
Both Gemini Digital Servo Drives require unique configuration before any drive
movements can be taken place. The following code consists of the configuration code
for the Servo Drives operating the 406XR1000 1 meter and 406XR2000 2 meter linear
drives.
D.1.1 Configuration Code for 406XR1000
;Gemini GV Servo Drive Setup
;Motor Setup
DMTR 1803 ;Motor ID (BE232DJ)
DMTIC 1.83 ;Continuous Current (Amps-RMS)
DMTICD 16.90 ;Continuous Current Derating (% derating at rated speed)
DMTKE 48.3 ;Motor Ke (Volts (0-to-peak)/krpm)
DMTRES 7.72 ;Motor Winding Resistance (Ohm)
DMTJ 16.950 ;Motor Rotor Inertia (kg*m*m*10e-6)
DPOLE 4 ;Number of Motor Pole Pairs
DMTW 83.3 ;Motor Rated Speed (rev/sec)
DMTIP 5.49 ;Peak Current (Amps-RMS)
DMTLMN 38.1 ;Minimum Motor Inductance (mH)
DMTLMX 47.2 ;Maximum Motor Inductance (mH)
DMTD 0.000034 ;Motor Damping (Nm/rad/sec)
DMTRWC 0.56 ;Motor Thermal Resistance (degrees Celsius/Watt)
DMTTCM 15.0 ;Motor Thermal Time Constant (minutes)
DMTTCW 1.50 ;Motor Winding Time Constant (minutes)
DMTAMB 40.00 ;Motor Ambient Temperature (degrees Celsius)
DMTMAX 125.00 ;Maximum Motor Winding Temperature (degrees Celsius)
DHALL 1 ;Disable Hall Sensor Checking
MXPLUS 0 ;MAX PLUS MOTOR
DMTLQS 0 ;Set Q Axis Inductance Saturation
DMTLDS 0 ;Set D Axis Inductance Saturation
DTHERM 0 ;Disable motor thermal switch input
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;Drive Setup
DMODE 2 ;Drive Control Mode
DRES 8000 ;Drive Resolution (counts/rev)
DPWM 8 ;Drive PWM Frequency (kHz)
SFB 1 ;Encoder Feedback
ERES 8000 ;Encoder Resolution (counts/rev)
ORES 8000 ;Encoder Output Resolution (counts/rev)
DMEPIT 0.00 ;Electrical Pitch (mm)
SHALL 0 ;Invert Hall Sensors
DMTLIM 3.1 ;Torque Limit (Nm)
DMTSCL 3.1 ;Torque Scaling (Nm)
DMVLIM 83.000000 ;Velocity Limit (rev/sec)
DMVSCL 83.000000 ;Velocity Scaling (rev/sec)
;Load Setup
LJRAT 27.9 ;Load-to-Rotor Inertia Ratio
LDAMP 0.0000 ;Load Damping (Nm/rad/sec)
;Fault Setup
FLTSTP 1 ;Fault on Startup Indexer Pulses Enable
FLTDSB 1 ;Fault on Drive Disable Enable
SMPER 8000 ;Maximum Allowable Position Error (counts)
SMVER 0.000000 ;Maximum Allowable Velocity Error (rev/sec)
DIFOLD 0 ;Current Foldback Enable
;Digital Input Setup
INLVL 11000000 ;Input Active Level
INDEB 50 ;Input Debounce Time (milliseconds)
INUFD 0 ;Input User Fault Delay Time (milliseconds)
LH 0 ;Hardware EOT Limits Enable
;Digital Output Setup
OUTBD 0 ;Output Brake Delay Time (milliseconds)
OUTLVL 0100000 ;Output Active Level
;Analog Monitor Setup
DMONAV 0 ;Analog Monitor A Variable
DMONAS 100 ;Analog Monitor A Scaling (% of full scale output)
DMONBV 0 ;Analog Monitor B Variable
DMONBS 100 ;Analog Monitor B Scaling (% of full scale ouput)
;Servo Tuning
DIBW 500 ;Current Loop Bandwidth (Hz)
DVBW 50 ;Velocity Loop Bandwidth (Hz)
DPBW 20.00 ;Position Loop Bandwidth (Hz)
SGPSIG 1.000 ;Velocity/Position Bandwidth Ratio
SGIRAT 1.000 ;Current Damping Ratio
SGVRAT 1.000 ;Velocity Damping Ratio
SGPRAT 1.000 ;Position Damping Ratio
DNOTAF 0 ;Notch Filter A Frequency (Hz)
DNOTAQ 1.0 ;Notch Filter A Quality Factor
DNOTAD 0.0000 ;Notch Filter A Depth
DNOTBF 0 ;Notch Filter B Frequency (Hz)
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DNOTBQ 1.0 ;Notch Filter B Quality Factor
DNOTBD 0.0000 ;Notch Filter B Depth
DNOTLG 0 ;Notch Lag Filter Break Frequency (Hz)
DNOTLD 0 ;Notch Lead Filter Break Frequency (Hz)
SGINTE 1 ;Integrator Option
SGVF 0 ;Velocity Feedforward Gain (%)
SGAF 0 ;Acceleration Feedforward Gain (%)
D.1.2 Configuration Code for 406XR2000
;Gemini GV Servo Drive Setup
;Motor Setup
DMTR 1803 ;Motor ID (BE232DJ)
DMTIC 1.83 ;Continuous Current (Amps-RMS)
DMTICD 16.90 ;Continuous Current Derating (% derating at rated speed)
DMTKE 48.3 ;Motor Ke (Volts (0-to-peak)/krpm)
DMTRES 7.72 ;Motor Winding Resistance (Ohm)
DMTJ 16.950 ;Motor Rotor Inertia (kg*m*m*10e-6)
DPOLE 4 ;Number of Motor Pole Pairs
DMTW 83.3 ;Motor Rated Speed (rev/sec)
DMTIP 5.49 ;Peak Current (Amps-RMS)
DMTLMN 38.1 ;Minimum Motor Inductance (mH)
DMTLMX 47.2 ;Maximum Motor Inductance (mH)
DMTD 0.000034 ;Motor Damping (Nm/rad/sec)
DMTRWC 0.56 ;Motor Thermal Resistance (degrees Celsius/Watt)
DMTTCM 15.0 ;Motor Thermal Time Constant (minutes)
DMTTCW 1.50 ;Motor Winding Time Constant (minutes)
DMTAMB 40.00 ;Motor Ambient Temperature (degrees Celsius)
DMTMAX 125.00 ;Maximum Motor Winding Temperature (degrees Celsius)
DHALL 1 ;Disable Hall Sensor Checking
MXPLUS 0 ;MAX PLUS MOTOR
DMTLQS 0 ;Set Q Axis Inductance Saturation
DMTLDS 0 ;Set D Axis Inductance Saturation
DTHERM 0 ;Disable motor thermal switch input
;Drive Setup
DMODE 2 ;Drive Control Mode
DRES 8000 ;Drive Resolution (counts/rev)
DPWM 8 ;Drive PWM Frequency (kHz)
SFB 1 ;Encoder Feedback
ERES 8000 ;Encoder Resolution (counts/rev)
ORES 8000 ;Encoder Output Resolution (counts/rev)
DMEPIT 0.00 ;Electrical Pitch (mm)
SHALL 0 ;Invert Hall Sensors
DMTLIM 3.1 ;Torque Limit (Nm)
DMTSCL 3.1 ;Torque Scaling (Nm)
DMVLIM 83.000000 ;Velocity Limit (rev/sec)
DMVSCL 83.000000 ;Velocity Scaling (rev/sec)
;Load Setup
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LJRAT 48.2 ;Load-to-Rotor Inertia Ratio
LDAMP 0.0000 ;Load Damping (Nm/rad/sec)
;Fault Setup
FLTSTP 1 ;Fault on Startup Indexer Pulses Enable
FLTDSB 1 ;Fault on Drive Disable Enable
SMPER 8000 ;Maximum Allowable Position Error (counts)
SMVER 0.000000 ;Maximum Allowable Velocity Error (rev/sec)
DIFOLD 0 ;Current Foldback Enable
;Digital Input Setup
INLVL 11000000 ;Input Active Level
INDEB 50 ;Input Debounce Time (milliseconds)
INUFD 0 ;Input User Fault Delay Time (milliseconds)
LH 0 ;Hardware EOT Limits Enable
;Digital Output Setup
OUTBD 0 ;Output Brake Delay Time (milliseconds)
OUTLVL 0100000 ;Output Active Level
;Analog Monitor Setup
DMONAV 0 ;Analog Monitor A Variable
DMONAS 100 ;Analog Monitor A Scaling (% of full scale output)
DMONBV 0 ;Analog Monitor B Variable
DMONBS 100 ;Analog Monitor B Scaling (% of full scale ouput)
;Servo Tuning
DIBW 500 ;Current Loop Bandwidth (Hz)
DVBW 50 ;Velocity Loop Bandwidth (Hz)
DPBW 20.00 ;Position Loop Bandwidth (Hz)
SGPSIG 1.000 ;Velocity/Position Bandwidth Ratio
SGIRAT 1.000 ;Current Damping Ratio
SGVRAT 1.000 ;Velocity Damping Ratio
SGPRAT 1.000 ;Position Damping Ratio
DNOTAF 0 ;Notch Filter A Frequency (Hz)
DNOTAQ 1.0 ;Notch Filter A Quality Factor
DNOTAD 0.0000 ;Notch Filter A Depth
DNOTBF 0 ;Notch Filter B Frequency (Hz)
DNOTBQ 1.0 ;Notch Filter B Quality Factor
DNOTBD 0.0000 ;Notch Filter B Depth
DNOTLG 0 ;Notch Lag Filter Break Frequency (Hz)
DNOTLD 0 ;Notch Lead Filter Break Frequency (Hz)
SGINTE 1 ;Integrator Option
SGVF 0 ;Velocity Feedforward Gain (%)
SGAF 0 ;Acceleration Feedforward Gain (%)
D.2 6K2 Controller
The following lines of code must be sent to the 6K2 controller before any movement
can be taken. These lines of configuration code are included in the measurement
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application and therefore do not need to be entered by the user beforehand. However,
if troubleshooting is required outside of the measurement software, this code must be
enabled.
D.2.1 Configuration Code for 6K2
AXSDEF11 ;Enable controller for Servo drives
ERES8000,8000 ;Encoder resolution (counts/rev)
SMPER0,0 ;Set maximum allowable position error
LH3,3 ;Enable Hardware end-of-limit checking
SCLD8000,8000 ;Set distance scaling value (counts/unit)
SCLV8000,8000 ;Set velocity scaling value (counts/unit)
SCLA8000,8000 ;Set acceleration scaling value (counts/unit)
SCALE1 ;Enable scaling
MA00 ;Enable Incremental mode
MC00 ;Enable Preset mode
A10,10 ;Acceleration rate (rev/sec/sec) THIS CAN BE CHANGED
AD10,10 ;Decceleration rate (rev/sec/sec) THIS CAN BE CHANGED
V1,1 ;Velocity rate (rev/sec) THIS CAN BE CHANGED
SGP3,12 ;Set proportional feedback gain
SGV3,5 ;Set velocity feedback gain
SGI2,3 ;Set integral feedback gain
;Limit/Home Sensor Initialization
INFNC6-1R ;Set INFNC6 to Axis 1 + end-of-travel limit
INFNC7-1S ;Set INFNC7 to Axis 1 - end-of-travel limit
INFNC8-1T ;Set INFNC8 to Axis 1 home limit
LIMFNC1-A ;Clear LIMFNC1 content
LIMFNC2-A ;Clear LIMFNC2 content
LIMFNC3-A ;Clear LIMFNC3 content
INLVL00000111 ;Set Input Active levels for Axis 1 triggers
LIMLVL111000 ;Set Limit Active levels for Axis 1 & 2 triggers
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APPENDIX E
MOVEMENT AND DATA COLLECTION SOFTWARE
E.1 Code Overview
The software used for controlling the linear drives and Dataq A/D converter is a
Visual Basic 6.0 application. The code is comprised of three separate file components,
each of which is given. The code files are: global variables file, time delay program,
and the main executable that contains all subroutines done in the application.
E.1.1 Measurement Code
modGlobal.bas
Global C6K As Object
Global ConnectReturnValue As Integer
Global vel As Double, accel As Double
Global N1lim As Double, N2lim As Double
Global P1lim As Double, P2lim As Double
Global A1hom As Double, A2hom As Double
Global A1or As Double, A2or As Double
Global Xap As Double, Yap As Double
Global M As Integer, N As Integer
Global DisArray() As Integer
Global X As Double, Y As Double
Global TPERx As Double, TPERy As Double
Global Vi As Double, Vq As Double
Global Vid As Double, Vqd As Double
modDelay.bas
Declare Function timeGetTime Lib "C:\WINNT\SYSTEM32\winmm.dll"...
() As Long
’"C:\winnt\system32" for Windows NT.
’Units are in milli-seconds.
Sub Delay(ByVal dTime As Long)
Dim sTime As Long
sTime& = timeGetTime()
Do
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dummy% = DoEvents
Loop While ((timeGetTime() - sTime&) <= dTime)
End Sub
Communication.frm
Public Sub cmdCalibrate_Click()
’This section is going to calibrate the two axes
’It will go as so- home to the center, travel to the
’negative EoL, record point, travel to the positive EoL,
’record point, determine the true origin position and
’travel to it.
txtCalStat.Text = "Calibrating..."
Dim homv1 As Double, homv2 As Double
homv = 2
homa = 10
vel = Val(txtVel.Text) * 100
accel = Val(txtAccel.Text) * 100
C6K.Write ("PORT0:ECHO0:")
C6K.Write ("DRIVE00:AXSDEF11:ERES8000,8000:SMPER0,0:LH3,3:")
C6K.Write ("SCLD8000,8000:SCLV8000,8000:SCLA8000,8000:SCALE1:")
C6K.Write ("MA00:MC00:A" & accel & "," & accel & ":AD" &...
accel & "," & accel & ":V" & vel & "," & vel & ":")
C6K.Write ("INFNC6-1R:INFNC7-1S:INFNC8-1T:")
C6K.Write ("LIMFNC1-A:LIMFNC2-A:LIMFNC3-A:")
C6K.Write ("INLVL00000111:LIMLVL111000:COMEXL11:PSET CLR:")
C6K.Write ("HOMA" & homa & "," & homa & ":HOMV" & homv &...
"," & homv & ":")
Delay (300)
strReadStr = C6K.read()
C6K.Flush
C6K.Write ("DRIVE11:HOM11:DRIVE00:")
Delay (6000)
C6K.Flush
C6K.Write ("DRIVE11:D-110,-60:GO11:DRIVE00:")
Delay (110 / vel * 1000 + 1000)
C6K.Flush
C6K.Write ("TPE:")
Delay (50)
temp = C6K.read()
N1lim = Val(Mid$(temp, 5, 9))
N2lim = Val(Mid$(temp, 14, 9))
C6K.Flush
C6K.Write ("DRIVE11:D210,110:GO11:DRIVE00:")
Delay (210 / vel * 1000)
C6K.Flush
C6K.Write ("TPE:")
Delay (50)
temp = C6K.read()
P1lim = Val(Mid$(temp, 5, 9))
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P2lim = Val(Mid$(temp, 14, 9))
A1hom = (P1lim - N1lim) / 2
A2hom = (P2lim - N2lim) / 2
A1or = A1hom
A2or = P2lim
C6K.Write ("DRIVE11:D-" & CStr(A1or) & ",0:GO11:DRIVE00:")
Open txtDirCalFile.Text For Output As #2
UltimaSerial.Start
Delay (1000)
UltimaSerial.GetDataEx V(0), 2 * srate
UltimaSerial.Stop
For z = 0 To UBound(V, 1) / 2 - 1
Ch1(z) = V(2 * z) / 64 * 10 / 512
Ch2(z) = V(2 * z + 1) / 64 * 10 / 512
Write #2, Ch1(z), Ch2(z)
Next
txtCalStat.Text = "Calibration Complete"
End Sub
Private Sub cmdConnect_Click()
Dim CommPort As Integer
Dim V As Double, A As Double
’Connect to the 6K controller
Set C6K = CreateObject("COM6SRVR.RS232")
CommPort = 1
ConnectReturnValue = C6K.Connect(CommPort)
’Connect to the ADC
UltimaSerial.Device = 148
UltimaSerial.CommPort = Val(USB)
UltimaSerial.AcquisitionMode = NoCondition
UltimaSerial.ChannelCount = 2
UltimaSerial.EventLevel = 2 * Val(Combo1.Text)
UltimaSerial.SampleRate = Val(Combo1.Text)
UltimaSerial.PChannel(0) = Ch3
UltimaSerial.PChannel(1) = Ch4
End Sub
Private Sub cmdDisconnect_Click()
Set C6K = Nothing
End Sub
Private Sub cmdSend_Click()
txtStatus.Text = "Creating array..."
Xap = Val(txtXap.Text) * 100 ’take entered value and convert to cm
Yap = Val(txtYap.Text) * 100 ’take entered value and convert to cm
d = Val(txtElement.Text) * 100 ’element separation in cm
vel = Val(txtVel.Text) * 100 ’velocity in cm/s
accel = Val(txtAccel.Text) * 100 ’acceleration in cm/s/s
srate = Val(Combo1.Text)
M = Xap / d + 1
N = Yap / d + 1
Xap = (M - 1) * d
Yap = (N - 1) * d
ReDim DisArray(0 To N - 1, 0 To M - 1)
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For i = 0 To N - 1
For j = 0 To M - 1
DisArray(i, j) = 1
If i <> 0 And j = 0 Then
DisArray(i, j) = 2
ElseIf i = 0 And j = 0 Then
DisArray(i, j) = 3
End If
Next
Next
txtStatus.Text = "Array complete."
Select Case N Mod 2
Case 0
Y1 = N / 2 * d
Y2 = Yap - Y1
Case 1
Y1 = Yap / 2
Y2 = Y1
End Select
Dim V() As Integer
Dim Ch1() As Double, Ch2() As Double
Dim counter As Double
counter = 0
ReDim V(2 * srate) As Integer
ReDim Ch1(srate - 1) As Double
ReDim Ch2(srate - 1) As Double
Open txtDirFile.Text For Output As #1
For i = 0 To N - 1
For j = 0 To M - 1
Vit = 0
Vqt = 0
Vidt = 0
Vqdt = 0
Select Case DisArray(i, j)
Case 1
C6K.Write ("DRIVE00:D0,-" & CStr(d) &...
":DRIVE11:GO11:DRIVE00:")
Delay ((2 * d / vel + (4 * vel / accel)) * 1000)
C6K.Flush
C6K.Write ("TPER:")
Delay (100)
temp = C6K.read()
TPERy = CDbl(Mid$(temp, 6, 6))
TPERx = CDbl(Mid$(temp, 13, 6))
C6K.Flush
UltimaSerial.Start
Delay (1000)
UltimaSerial.GetDataEx V(0), 2 * srate
UltimaSerial.Stop
For z = 0 To UBound(V, 1) / 2 - 1
Ch1(z) = V(2 * z) / 64 * 10 / 512
Ch2(z) = V(2 * z + 1) / 64 * 10 / 512
Vit = Vit + Ch1(z)
Vqt = Vqt + Ch2(z)
146
Next
Vi = Vit / (UBound(Ch1, 1) + 1)
Vq = Vqt / (UBound(Ch2, 1) + 1)
X = j * d
Y = i * d - Y1
txtStatus.Text = Format(counter * 100 / (M * N), "#0")...
& "% Complete"
Case 2
If Xap > Y2 Then
del = Xap
Else
del = Y2
End If
C6K.Write ("DRIVE00:D" & CStr(d) & "," & CStr(Xap) &...
":DRIVE11:GO11:DRIVE00:")
Delay ((2 * del / vel + (8 * vel / accel)) * 1000)
C6K.Flush
C6K.Write ("TPER:")
Delay (100)
temp = C6K.read()
TPERy = CDbl(Mid$(temp, 6, 6))
TPERx = CDbl(Mid$(temp, 13, 6))
UltimaSerial.Start
Delay (1000)
UltimaSerial.GetDataEx V(0), 2 * srate
UltimaSerial.Stop
For z = 0 To UBound(V, 1) / 2 - 1
Ch1(z) = V(2 * z) / 64 * 10 / 512
Ch2(z) = V(2 * z + 1) / 64 * 10 / 512
Vit = Vit + Ch1(z)
Vqt = Vqt + Ch2(z)
Next
Vi = Vit / (UBound(Ch1, 1) + 1)
Vq = Vqt / (UBound(Ch2, 1) + 1)
X = j * d
Y = i * d - Y1
txtStatus.Text = Format(counter * 100 / (M * N), "#0")...
& "% Complete"
Case 3
C6K.Write ("DRIVE00:D-" & CStr(Y1) & ",0:DRIVE11:...
GO11:DRIVE00:")
Delay ((2 * Y1 / vel + (8 * vel / accel)) * 1000)
C6K.Flush
C6K.Write ("TPER:")
Delay (100)
temp = C6K.read()
TPERy = CDbl(Mid$(temp, 6, 6))
TPERx = CDbl(Mid$(temp, 13, 6))
UltimaSerial.Start
Delay (1000)
UltimaSerial.GetDataEx V(0), 2 * srate
UltimaSerial.Stop
For z = 0 To UBound(V, 1) / 2 - 1
Ch1(z) = V(2 * z) / 64 * 10 / 512
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Ch2(z) = V(2 * z + 1) / 64 * 10 / 512
Vit = Vit + Ch1(z)
Vqt = Vqt + Ch2(z)
Next
Vi = Vit / (UBound(Ch1, 1) + 1)
Vq = Vqt / (UBound(Ch2, 1) + 1)
X = j * d
Y = i * d - Y1
txtStatus.Text = Format(counter * 100 / (M * N), "#0")...
& "% Complete"
End Select
For zz = 0 To UBound(V, 1) / 2 - 1
Vidt = Vidt + (Ch1(z) - Vi)^2
Vqdt = Vqdt + (Ch2(z) - Vq)^2
Next
Vid = (Vidt / (UBound(Ch1, 1) + 1))^0.5
Vqd = (Vqdt / (UBound(Ch2, 1) + 1))^0.5
Write #1, Y, X, TPERy, TPERx, Vi, Vq, Vid, Vqd
counter = counter + 1
Next
Next
Close #1
If Xap > Y2 Then
del = Xap
Else
del = Y2
End If
C6K.Write ("DRIVE00:D-" & CStr(Y2) & "," & CStr(Xap) &...
":DRIVE11:GO11:DRIVE00:")
Delay ((2 * del / vel + (8 * vel / accel)) * 1000)
C6K.Flush
C6K.Write ("TPER:")
Delay (100)
temp = C6K.read()
C6K.Flush
txtStatus.Text = "Measurement Complete"
txtReceive.Text = C6K.read
End Sub
Private Sub Form_Load()
Combo1.AddItem "2"
Combo1.AddItem "4"
Combo1.AddItem "8"
Combo1.AddItem "16"
Combo1.AddItem "32"
Combo1.AddItem "64"
Combo1.AddItem "128"
Combo1.AddItem "256"
Combo1.AddItem "512"
Combo1.AddItem "1024"
End Sub
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APPENDIX F
IMAGE RECONSTRUCTION CODE
F.1 Reconstruction Code Overview
The Matlab code provided reproduces the measured scene from the visibility func-
tion samples. The user inputs the operating frequency, calibration file and measure-
ment file. Additional changes to the code may be needed depending on the user’s
needs, such as signal gain correction or further DC bias removal.
F.1.1 Reconstruction Code
clear all;close all;
%input operating frequency
f0=3e9;lam=3e8/f0;
%enter the calibration file
a=dlmread(’ENTER CALIBRATION FILE’,’,’,0,0);
%enter the measured data file
c=dlmread(’ENTER MEASUREMENT FILE’,’,’,0,0);
c(:,1)=c(:,1)*1e-2;
c(:,2)=c(:,2)*1e-2;%+.023;
%Determine the average voltage offset caused by the ADC
%and remove from the measured data
am(1)=mean(a(:,5));am(2)=mean(a(:,6));
c(:,5)=c(:,5)-am(1);c(:,6)=c(:,6)-am(2);
%creates a matrix of the visibility data and plots it
x1 = min(c(:,1)):.05:max(c(:,1));
y1 = min(c(:,2)):.05:max(c(:,2));
lll = 1;
for e1 = 1:length(x1)
for e2 = 1:length(y1)
vi(e2,e1)=c(lll,5);
vq(e2,e1)=c(lll,6);
lll = lll +1;
end
end
if max(max(vi)) >= max(max(vq))
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vip = max(max(vi));
vi = vi/vip;
vq = vq/vip;
else
vqp = max(max(vq));
vi = vi/vqp;
vq = vq/vqp;
end
figure;
subplot(2,1,1);imagesc(x1,y1,vi);axis equal;
xlim([min(c(:,1)) max(c(:,1))]);ylim([min(c(:,2)) max(c(:,2))]);
set(gca,’xtick’,[min(c(:,1)) max(c(:,1)...
-(max(c(:,1))-min(c(:,1)))/2 max(c(:,1))]);
set(gca,’ytick’,[min(c(:,2)) max(c(:,2))...
-(max(c(:,2))-min(c(:,2)))/2 max(c(:,2))]);
xlabel(’D_y (m)’);ylabel(’D_x (m)’);
subplot(2,1,2);imagesc(x1,y1,vq);axis equal;
xlim([min(c(:,1)) max(c(:,1))]);ylim([min(c(:,2)) max(c(:,2))]);
set(gca,’xtick’,[min(c(:,1)) max(c(:,1))...
-(max(c(:,1))-min(c(:,1)))/2 max(c(:,1))]);
set(gca,’ytick’,[min(c(:,2)) max(c(:,2))...
-(max(c(:,2))-min(c(:,2)))/2 max(c(:,2))]);
xlabel(’D_y (m)’);ylabel(’D_x (m)’);
%convert visibility function to complex number
cmod(:,1)=complex(c(:,5),c(:,6));
%enter the focusing distance ht
ht=1.54;
x=min(c(:,1)):.01:max(c(:,1));
y=min(c(:,2)):.01:max(c(:,2));
for i=1:length(x)
for k=1:length(y)
Wc(:,i,k)=cmod(:,1).*exp(-j*2*pi*c(:,1)./lam./ht.*...
(x(i)-c(:,1)./2)).*exp(-j*2*pi*c(:,2)./lam./ht.*...
(y(k)-c(:,2)./2));
vc(i,k)=sum(Wc(:,i,k));
Tc(i,k)=vc(i,k);
end
end
%plot the reconstructed data
figure;
imagesc(x,y,(abs(Tc)./max(max(abs(Tc))))’);
colorbar(’location’,’eastoutside’);
axis equal;xlim([min(c(:,1)) max(c(:,1))]);
ylim([min(c(:,2)) max(c(:,2))]);
set(gca,’xtick’,[min(c(:,1)) max(c(:,1))...
-(max(c(:,1))-min(c(:,1)))/2 max(c(:,1))]);
set(gca,’ytick’,[min(c(:,2)) max(c(:,2))...
-(max(c(:,2))-min(c(:,2)))/2 max(c(:,2))]);
xlabel(’D_y (m)’);ylabel(’D_x (m)’);
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figure;
surface(x,y,(abs(Tc)./max(max(abs(Tc))))’,’LineStyle’,’none’);
axis equal;xlim([min(c(:,1)) max(c(:,1))]);
ylim([min(c(:,2)) max(c(:,2))]);...
set(gca,’xtick’,[min(c(:,1)) max(c(:,1))...
-(max(c(:,1))-min(c(:,1)))/2 max(c(:,1))]);
set(gca,’ytick’,[min(c(:,2)) max(c(:,2))...
-(max(c(:,2))-min(c(:,2)))/2 max(c(:,2))]);
set(gca,’ztick’,[0 .5 1]);set(gca,’XDir’,’reverse’);
xlabel(’D_y (m)’);ylabel(’D_x (m)’);zlabel(’Normalized T_B’);
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